This study has investigated the influence of unilateral eyestalk ablation on the survival, molting frequency, fecundity, reproductive output, and fertility of M. amazonicum females. We divided 96 females into with ablation and without ablation groups with six replicates. Water quality, growth, survival rate, intermolt period, molts number, and ovigerous females over a 90-day period were monitored. Unilateral eyestalk ablation reduced intermolt period by 30% and increased molts number, ovigerous females, and reproductive output. Our findings indicate that unilateral eyestalk ablation positively influences reproduction in M. amazonicum and is appropriate for females of this species having a body length of ≥ 70 mm.
Introduction
Global aquaculture production of the genus Macrobrachium Bate, 1868 is increasing rapidly (Silva, Jacobucci, and Mossolin 2017) . However, intensive culture technologies for the native Amazonian prawn (Macrobrachium amazonicum Heller, 1862) are lacking (Marques and Moraes-Valenti 2012) . This species constitutes an important source of protein and income for riverside communities in the Amazon region. Currently, the volume of individuals captured surpasses the renewal capacity of wild populations (Silva, Frédou-Lucena, and Rosa Filho 2007) . Therefore, commercial cultivation of M. amazonicum represents a means of reducing pressure on stocks and ensuring adequate market supply.
Aquaculture production of M. amazonicum depends on the availability of postlarvae. In the Amazon region, this is limited by low availability of ovigerous females throughout the year because breeding occurs only during the dry season (Freire, Marques, and Silva 2012) . Low female fertility is an additional limiting factor-females of this species produce up to 5,000 eggs per clutch, whereas those of larger species such as M. rosenbergii (Malaysian prawn) and M. carcinus (pitú) can produce 50,000 eggs per clutch and 240,000 eggs per clutch respectively (Lara and Wehrtmann 2009; Lima et al. 2014) . Therefore, it is necessary to increase the production and productivity of M. amazonicum by reducing the period of reproductive development.
The reproduction of decapod crustaceans may be induced by eyestalk ablation, which involves removal of the X-organ and sinus gland (Santiago 1977) . By removing the organs that synthesize gonad-inhibiting and moltinhibiting hormones, eyestalk ablation leads to induction of gonadal maturation, reduction of the spawning cycle, an increase in the number of molting cycles, and a reduction in the intermolt period (Babu, Shailender, and Krishna 2013; Nagaraju 2011; Pervaiz, Jhon, and Sikdar-Bar 2011) ; hence, the technique is of economic benefit to producers. Since the 1990s, eyestalk ablation has been widely used in the cultivation of marine shrimp, particularly species having limited reproduction in captivity.
The eyestalk ablation has been used to induce gonadal maturation, stimulate the ovigerous state, increase the spawning frequency, and reduce the intermolt period in Macrobrachium species (Asusena et al. 2012; Cunha and Oshiro 2010; Pervaiz, Jhon, and Sikdar-Bar 2011; Santos and Pinheiro 2000) . To the best of our knowledge, however, there are no previous studies regarding the use of eyestalk ablation in M. amazonicum. Thus, we investigated the influence of unilateral eyestalk ablation on the survival, growth, molting frequency, fecundity, reproductive output, and fertility of M. amazonicum females. We predicted that unilateral eyestalk ablation would induce sexual maturation and shorten the reproductive cycle.
Materials and methods

Animals and experimental conditions
We conducted our experiment in the Larviculture Laboratory of Embrapa Amapá (0°0′50.07″S and 51°5″8.58″W), Macapá, Amapá state (Brazil). We used 24 males of the Cinnamon Claw morphotype and 96 M. amazonicum females in the intermolt period. We selected individuals by inspecting the outer distal margin of the exopod of the uropod, as suggested by Drach and Tchernigovtzeff (1967) . The animals were cultured in 12 black tanks (70 L) using a recirculation system with biological filtration and constant aeration. In each tank, we established a female:male ratio of 4:1. The animals were fed twice daily with commercial pelleted prawn feed (35% crude protein; daily supply of 10% of the biomass in each tank) for 90 days. We observed each female twice daily (08:00 and 17:00) and recorded the occurrence of molting and number of ovigerous females. Females with mature gonads were characterized by an orange color that was macroscopically visible through the carapace. In these females, copulation generally occurred 24-48 h after molting.
We monitored temperature (27.06 ± 0.31°C), pH (7.51 ± 0.09), electrical conductivity (0.519 ± 0.003 μS cm −1 ), and dissolved oxygen (7.17 ± 0.01 mg L −1 ) of water daily using a multiparameter gauge (Horiba, Model U-52G, Tokyo, Japan). We measured ammonia levels (0.12 ± 0.07 mg L −1 ) every 3 days using a photometer (Hanna, model HI 96715C, Romania).
Unilateral eyestalk ablation of M. amazonicum females
We performed unilateral eyestalk ablation on 3-month-old M. amazonicum females (body length, 74.0 ± 4.3 mm; body weight, 3.63 ± 0.65 g). The ablation procedure comprised removal of the right peduncle following Primavera (1985) , with minor modifications. These modifications involved the use of an anesthetic (xylocaine), followed by hot cauterization with an electric cautery. Each female was subsequently marked to facilitate assessment of the number of molts. The females were divided into two groups: those with unilateral eyestalk ablation (treatment group) and those without unilateral eyestalk ablation (control group). We used six treatment and six control replicates, each with eight females and two males. The males did not undergo unilateral eyestalk ablation. In each tank, we placed 10 segments of PVC pipe (diameter 40 mm; length 100 mm) to provide shelter. We used a recirculation aquaculture system with adequate aeration, a biofilter, and a 12 h photoperiod. We measured the body weight (g) and body length (mm) of each female every 30 days after ablation. In addition, we measured the body length and body weight of each female before and after each molt. As each animal had been marked with one color, after every molt, it was possible to identify which animal had undergone molt. The body weight was measured using a semianalytical scale (Marte, model BL 320H), and the body standard length (from the end of the rostrum to the end of the telson) was measured using a digital pachymeter (Starrett). We conducted our study in accordance with the principles adopted by the Brazilian College of Animal Experimentation (COBEA).
Growth and biometric parameters of M. amazonicum females
Growth was calculated as a mass-length relationship based on the body length and body weight measurements of each live animal at the start and end of the experiment using the equation W = aL b , where W is the total weight (g), L is the standard length (mm), and a and b are constants estimated using linear regression of the transformed equation as follows: W = loga + b x logL. We used the t-test to evaluate whether b = 3 (Le Cren 1951). Based on these data, we determined the relative condition factor (Kn) as the total weight observed (W t ) divided by the expected weight (W e ).
By daily inspection of all animals, we assessed the number of molts by recording the intermolt period and the number of ovigerous females. All animals were marked with 10 assorted color ethylene-vinyl acetate sheets clippings (3 mm x 3 mm) that were fixed on its second abdominal segment (by use of instant glue). There was care to secure the animal's movement. We used the Pearson correlation coefficient (r) to determine the correlations between body length and body weight before and after each molt, between body length and intermolt period, between body length and animal fecundity, and between body length and fertility.
Fecundity, reproductive output, and fertility of M. amazonicum females We determined the fecundity by counting the number of eggs extracted from 20 ablated ovigerous females and 11 nonablated ovigerous females. After biometry, all females were returned to the source tanks. We calculated the reproductive output (RO) for each female using the equation described by Clarke, Hopkins, and Nilssen (1991) : RO = WO/W, where WO = the total wet weight of eggs and W = the wet mass of the same female without eggs. We determined the fertility by using a different group of 14 ablated females and 13 nonablated females. These females were isolated in 2 L hatching tanks after biometry, maintained in the hatching tanks until larval hatching, and then returned to the original tanks. We determined the fertility by collecting 20 samples and calculating the arithmetic mean of the number of larvae present in 2 mL of culture water. The means were then extrapolated to the total volume of the container containing the larvae.
Statistical analyses
Data were initially evaluated for normality and homoscedasticity pattern using the Shapiro-Wilk and Bartlett tests respectively. When data followed a normal and homoscedastic distribution, we used the t-test to compare treatments (ablated and nonablated) (Zar 2010) . All statistical analyses were performed using R software (R Core Team 2013).
Results
Influence of unilateral eyestalk ablation on growth of M. amazonicum females
The mean body length (80.5 ± 2.8 mm vs. 78.5 ± 4.8 mm; t = −1.12, P = 0.26) and mean body weight (5.2 ± 0.4 g vs. 5.7 ± 0.6 g; t = −0.121, P = 0.22) did not differed significantly between ablated and nonablated females. Similarly, the numerical increases in body length and body weight did not differ significantly between ablated and nonablated females (7.2 ± 1.2 mm vs. 6.9 ± 2.6 mm; t = 0.728, P = 0.47). However, the results revealed that the body weight increase was 13% higher in ablated females than in nonablated females (t = 5.52, P = 0.04). The estimated daily growth rates did not differ significantly between ablated and nonablated females (0.02 ± 0.006 mm vs. 0.019 ± 0.006 mm; t = 1.03, P = 0.32).
The equations describing the body weight (W) and body length (L) of ablated and nonablated females show similar negative allometric growth in the treatment and control groups. Thus, there was a greater increase in body weight than in body length; moreover, the ablation procedure did not influence the type of growth.
We found no significant differences in the mean relative condition factor (Kn) between ablated and nonablated females (0.99 ± 0.02 vs. 1.00 ± 0.02; t = −0.260, P = 0.79). Similarly, the standard value of Kn (1.00) did not differ significantly between the treatment and control groups. Thus, the ablation procedure did not influence the body condition of the experimental animals.
Influence of unilateral eyestalk ablation on number of molts and intermolt period in M. amazonicum females We observed 354 molts during the experiment-200 in ablated females and 154 in nonablated females. The mean number of molts per female differed significantly between ablated females and nonablated females (4.2 ± 2.2 vs. 3.20 ± 1.4; t = 2.59, P = 0.01) ( Figure 1A ). In the 60-70 mm body length class, we observed 133 (67%) molts in ablated females and 97 (63%) molts in nonablated females. The mean intermolt period differed significantly between the control and treatment groups (t = −7.09, P < 0.001) and was approximately 6 days shorter in ablated females than in nonablated females ( Figure 1B) . In ablated females, the intermolt period during the first 30 days of cultivation did not differ between the length classes; thereafter, the intermolt period increased with increasing body length (Table 1 ). In contrast, in nonablated females, the intermolt period increased with increasing body length but did not differ between the different length classes. The intermolt period was positively correlated with body length (r = 0.97, P = 0.001) and body weight (r = 0.87, P = 0.001) in both ablated and nonablated females.
Influence of unilateral eyestalk ablation on reproductive output, fecundity, and fertility in M. amazonicum females
The frequency of occurrence of ablated ovigerous females was higher than the number of nonablated ovigerous females (1.22 ± 0.97 vs. 0.83 ± 0.97; t = 1.99, P = 0.04) (Figure 2) .
The reproductive output was positively correlated with the body length in ablated and nonablated females (r = 0.8213, P < 0.001 and r = 0.8864, P < 0.001 respectively); thus, the reproductive output is influenced by the body length and increases as the animals grow ( Figure 3A ). In addition, the reproductive output was significantly higher in ablated females than in nonablated females (6.17 ± 2.06 vs. 4.12 ± 0.95; t = 4.07, P < 0.001); thus, the ablation procedure positively influenced the reproductive output of M. amazonicum females ( Figure 3B ). We found no difference in fecundity between ablated and nonablated females (792.3 ± 276.9 vs. 850.44 ± 199.78 ; t = 0.644, P = 0.522). On the other hand, we determined a positive correlation between body length and number of eggs produced in both ablated and nonablated females (r = 0.95, P = 0.01 and r = 0.99, P < 0.01 respectively); thus, regardless of the ablation procedure, fecundity increased as females grew longer (Figure 4) .
We observed no significant differences in fertility between ablated and nonablated females (662.1 ± 205 vs. 859.8 ± 237; t = 5.7, P = 0.52). However, 18.5 ± 3.2bB (n = 9) 12.7 ± 2.1aA (n = 8)
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All data are expressed as mean ± SD. Means followed by the same letter do not differ significantly according to the t-test (P > 0.05). Upper and lower case letters represent within and between column tests respectively. Dashes denote no females in this class. Figure 2 . Influence of ablation on the number of ovigerous Macrobrachium amazonicum females. Ablated and nonablated females were cultivated for 90 days. Bars superscripted by the same letter did not differ significantly according to the t-test (P < 0.05).
we found positive correlations between body length and number of larvae hatched in both ablated and nonablated females (r = 0.85, P = 0.001 and r = 0.8, P = 0.01 respectively). Thus, regardless of the ablation procedure, fertility increased as females became longer.
Influence of unilateral eyestalk ablation on survival of M. amazonicum females
At the end of the experiment, we recorded the death of 20 ablated and 10 nonablated females (Table 2) . In ablated females, 70% of the observed mortality after molting occurred among individuals with a body length of 60-75 mm, and the highest mortality rate was recorded after the third molt. In contrast, in nonablated females, we noted no specific period of high mortality.
Discussion
Throughout the present study, the water quality parameters remained within the recommended standards for cultivation of M. amazonicum (Aya-Baquero & Velasco-Santamaría 2013; Moraes-Riodades and Valenti 2001; Preto et al. 2011) . Thus, the management and recirculation aquaculture system used efficiently maintained the water quality. We did not control the temperature during the experiment; hence, the minimal variation in this parameter may be explained by the proximity of the study region to the equator (Souza and Cunha 2010) . Silva, Sampaio, and Santos (2004) reported that the temperature of natural environments influences the frequency of occurrence of ovigerous M. amazonicum females. We observed no significant temperature differences between the control and treatment groups; thus, the observed differences in reproductive behavior of M. amazonicum females may be derived from the ablation technique. Ablated and nonablated M. amazonicum females showed negative allometric growth. These results are in accordance with those previously reported for this species captured in the estuarine region of the eastern Amazon (Moraes- Riodades and Valenti 2002; Silva, Frédou-Lucena, and Rosa Filho 2007; Sousa, Bentes, and Martinelli-Lemos 2014) . In our present study, ablated females had negative allometric growth throughout the cultivation period and underwent a larger number of molts. However, the growth of ablated and nonablated M. amazonicum females was lower than previously reported by Lobão, Rojas, and Valenti (1986) for this same species.
The body weight to body length ratio is an important tool used in fishery biology to assess the relative condition factor of a population (Deekae and Abowei 2010) . The relative condition factor is a quantitative indicator of the body condition in response to food, reproduction, and environmental factors (Deekae and Abowei 2010; Le Cren 1951) . In our present study, the relative condition factor in ablated and nonablated M. amazonicum females was close to the reference Kr value of 1.00) (Le Cren 1951). The increases in body weight and body length were approximately 13% and 1% higher respectively in ablated females than in nonablated females; however, the relative condition factor did not differ significantly between the treatment and control groups. Increased body weight and body length of ablated females may be explained by a decrease in the feed-inhibitory factor, leading to changes in dietary patterns and accumulation of reserves. These changes frequently occur in crustaceans subjected to ablation-for example, Penaeus orientalis (Arnstein and Beard 1975) , P. monodon (Santiago 1977; Shailender et al. 2013) , M. rosenbergii (Santos and Pinheiro 2000; Shailender et al. 2013) , M. malcolmsonii (Soundarapandian 2008) , M. lanchesteri (Varalakshmi and Reddy 2010) , and M. acanthurus (Cunha and Oshiro 2010) . Thus, ablation may accelerate the metabolic rate and increase food consumption. The physiological processes involved in molting are regulated by hormonal interactions, and hormonal regulation depends on different stimuli in the central nervous system.
In general, the length of the crustacean molting cycle increases as growth occurs (Asusena et al. 2012; Lobão, Rojas, and Valenti 1986; Santos and Pinheiro 2000) . Reproduction (consisting of copulation and spawning) in Macrobrachium species and other caridean prawns is preceded by molting. These interrelated processes of reproduction and molting generate considerable energy demand (Hartnoll and Bryant 1990) . Several studies have shown that unilateral eyestalk ablation influences not only the molting cycle but also the reproductive cycle of crustaceans. Gonad-inhibiting and molt-inhibiting hormones are associated with the eyestalk. Therefore, eyestalk removal can be used to stimulate the first spawning, increase the number of molts and consecutive spawns, decrease the intermolt and interspawn periods, and increase the gonadosomatic indexes and size of the androgenic gland (Okumura and Aida 2001; Santos and Pinheiro 2000; Uawisetwathana et al. 2011; Varalakshmi and Reddy 2010) . In this current study, unilateral eyestalk ablation led to a 30% increase in the number of ovigerous females and a 13% increase in the number of molts. However, in species such as M. americanum, which has asynchronous molting and reproduction, these effects have been shown not to occur (Asusena et al. 2012) . In the present study, unilateral eyestalk ablation reduced the intermolt period in M. amazonicum females by approximately 6 days.
We determined no significant differences in fecundity and fertility rates between ablated and nonablated M. amazonicum females. However, within the 71-75 mm body length class, ablated females produced more eggs than nonablated females. Tan-Fermin (1991) used histological techniques to demonstrate that unilateral eyestalk ablation influences the number and size of oocytes in ovaries of P. monodon females. Varalakshmi and Reddy (2010) reported higher productivity in ablated females than in nonablated females. The mean fertility determined for ablated and nonablated M. amazonicum females (662 ± 205 and 859 ± 237 respectively) in the present study are higher than those reported in several previous studies of the same species -for example, Guest (1979) observed 565 larvae/female, while Scaico (1992) found 434 larvae/female, and Aya-Baquero & Velasco-Santamaría (2013) observed 287 larvae/female). On the other hand, the values observed in the present study are lower than the value reported by Silva, Sampaio, and Santos (2004) , who obtained 925 larvae/female. These previous studies were conducted in different regions; hence, the observed discrepancies may be derived from environmental variations. Alternatively, they may be explained by low fecundity in females of the same body size (Scaico 1992) .
The reproductive output of ablated M. amazonicum females was higher than that of nonablated females. The reproductive output values determined in the present study are in accordance with the findings reported for M. amazonicum in the state of Pará (RO = 0.04-0.21; Meireles, Valenti, and Mantelatto 2013) and in the state of Amapá (RO = 0.05-0.22) (Lima et al. 2014) , as well as for M. carcinus in Costa Rica (RO = 0.04-0.21; Lara and Wehrtmann 2009). Our present findings imply that unilateral eyestalk ablation is an efficient technique for increasing the reproductive output of M. amazonicum females.
The fecundity and fertility of M. amazonicum increased with increasing body length, regardless of the ablation procedure. These results are in accordance with those previously reported for populations in natural environments (Lobão, Rojas, and Valenti 1986; Scaico 1992; Aya-Baquero & Velasco-Santamaría 2013) .
The survival of prawns cultured in captivity may be reduced by increased aggression among adult animals during the molting cycle (Hayd, Anger, and Valenti 2008) . Therefore, the use of substrates to provide shelter after molting is essential (Nakayama, Wasielesky, and Cavalli 2009; Ward 1992) . In the present study, we provided shelters for both the treatment and control groups; hence, the differences in survival rates between ablated and nonablated females may have been derived from other factors-for example, female condition after each molt or competition. Thus, we found no evidence suggesting that the ablation procedure directly influenced survival (e.g., via infection or weakening).
The influence of the ablation on survival may be immediate or long-term (Lumare 1979; Pervaiz, Jhon, and Sikdar-Bar 2011; Primavera 1985; Varalakshmi and Reddy 2010; Wen et al. 2015) . In some cases, mortality occurs immediately after ablation owing to the loss of hemolymph or presence of infection (Santos and Pinheiro 2000) . In some species such as P. monodon (Vicente, Valdez, and Valdez 1979) , P. plebejus (Kelemec and Smith 1980) , and M. americanum (Asusena et al. 2012 ), ablation does not influence survival. Other probable causes of mortality in females include nutritional deficiency, environmental stresses, spawning, handling (Primavera 1985; Pudadera, Primavera, and Young 1980) , and the presence of pathogens in the culture (Chen and Chen 2003) . In our study, the survival rate was higher in nonablated females than in ablated females. However, the observed differences in survival rate were not statistically significant (P = 0.12). In general, deaths occurred after molts, when the animals were more susceptible to attack by other individuals. No pathogens were observed in the culture, and no deaths occurred in immediate response to the ablation. Therefore, we do not believe that the mortality was caused by the ablation procedure itself. However, it is still possible that it indirectly influenced survival via physiological changes.
Conclusions
We have shown that the number of molts, length of the intermolt period, number of ovigerous females, and reproductive output of M. amazonicum are positively influenced by unilateral eyestalk ablation. However, for efficacy of this technique, the females of M. amazonicum must be ≥ 3 months old and have present body weight of ≥ 5 g and length of ≥ 70 mm. Therefore, we propose unilateral eyestalk ablation as a technique for increasing the production of M. amazonicum in aquaculture.
